The coatings having refractive index changing with the thickness present interesting It is shown that the Lorentz-Lorenz model is the most appropriate for the given mixture, suggesting components are well mixed and there are no separated phases.
Introduction
Progress in computer capabilities and advances in coatings process control has enabled design and deposition of gradient refractive index and rugate films with increasing complexity and precision. In this kind of coatings the variation of refractive index (n) varies through the depth of the film continuously, in contrast to the classical coatings with abrupt changes of refractive index. The coatings having smooth transition in refractive index, compared with classical quarter wave stacks, show better mechanical resistance [1, 2] , higher laser induced damage threshold [3] and less scattering losses, maintaining comparable or even better optical properties [4, 5] . The variation of refractive index is obtained by variation of the composition through the thickness of the film. The standard techniques for deposition of such mixture coatings are sol-gel methods [6] , changing the composition of the compounds by controlling the composition of reactive gas as in chemical vapour deposition [7] , and co-deposition as in physical vapour deposition [8] . Calculation of optical constants of mixtures is important in design to predict the performance of the coating accurately. It is also important in analysis, i.e. optical characterisation, where model obtained by fitting of experimental spectra is compared with the targeted refractive index profile that was aimed to be deposited. Analysis of the differences between the two is crucial in detecting the errors of the deposition process and can be used for improvement of the manufacturing process.
Theory
Effective medium theories relate optical properties of the mixtures with their composition. The effective refractive index of a mixture is calculated from the refractive indices and volume fractions of the composing materials. The most frequently used and most successful theories are Maxwell-Garnett [9] (MG), Bruggeman [10] (BG) and Lorentz-Lorenz [11] (LL). The first two assume that the mixing materials are in separated phases. Typical dimensions of the constituent particles are supposed to be much smaller than the wavelength of the interacting radiation, but at the same time large enough to present their own electromagnetic behaviour. MG considers the mixture that has separated a two-material grain structure where particles of the first material are dispersed in the continuous host of the second material. On the other hand, BG assumes an aggregate structure being a space-filling random mixture of two material phases. In the limit of small volume fractions (f v ) the predictions of the two theories approach to each other. It is shown that in the case of higher filling factors, i.e. when volume fraction of one material is comparable to the volume fraction of another, the BG is valid up to the smaller particle radius than for MG [12] . LL model is based on the ClausiusMossoti equation and takes an average of molecular polarisability of the components. In this case no phase separation is considered. Another possibility is to assume linear variation of refractive index with volume fractions of constituents (LIN). Finally, depending on the level at which materials are mixed, one effective medium theory will be more appropriate than the other and will give more accurate prediction of the optical properties of the mixture. For example, in the case of SiO 2 -TiO 2 amorphous mixture it has been shown experimentally [13, 14] that LL model is more appropriate than BG, although not all the studies are in accordance [15] . (1)
Experimental details

Layers of SiO
The minimum and maximum deposition rates (r m and r M ) of each material, and therefore minimum and maximum volume fractions (f vm and f vM ), were restricted due to the fact that it was not technically possible to achieve stable and reproducible arbitrarily low deposition rates for the given materials. Thus, r m was set to 0.2 nm/s and r M to 1.2 nm/s.
The total rate of deposition, i.e. sum of the rates of the two materials, was kept constant 
Optical characterization
Optical characterization of the samples was done using thin film curve fitting software [17] . Fitting the experimental spectra allows determination of the optimal value of a set of parameters defining the sample. The variation of refractive index with thickness (inhomogeneity) of a ramp is taken into account by dividing it into a given number of homogeneous sublayers. For each ramp, all sublayers have the same thickness. Each sublayer has been modelled as a mixture of the two materials with refractive indices n H and n L and corresponding volume fractions f H and f L , where f H +f L =1. Volume fraction of niobia in each layer is given by:
Here f H-i is volume fraction of niobia in the i-th sublayer and f H-start and f H-end are niobia fractions at the beginning and the end of the ramp and N sub is the number of sublayers.
The effective dielectric function of the mixtures was calculated using different mixing formulas: 
where N is the total number of experimental data points, N s is the number of measured spectra, each one containing N j experimental data points, y k j represents measured values (R, Rs, Rp, Tp, Rs, Ts) at the wavelength x k with associated experimental error σ k j , y j (x k ;P 1 ,…, P m ) is the corresponding value calculated using standard thin film computation algorithms [18] and P 1 , …, P m are the m parameters being optimized. The minimisation of the merit function is carried out using the Downhill-Simplex algorithm [19] .
Results
The results presented here are obtained using the modelling described in the previous section and fitting simultaneously the experimental spectra (R, Rs, Rp, T, Ts, Tp) all in the same wavelength range. The first sample, one with refractive index decreasing from the substrate, was taken to test the influence on the merit function of number of sublayers into which the model of was subdivided. The values of merit functions for 3, 5, 7, 13 and 25 layers applying LL and BG are shown in Table 1 
Discussion
From Table 1 . it can be seen that division of the ramp into more than 5 sublayers doesn't contribute to the quality of the fit. For the given gradient of inhomogeneity, i.e.
the change of refractive index 0.00268 per nanometre, the ramp is well approximated with homogeneous sublayers of 40 nm of thickness. This is important for computation purposes when a large number of ramps are involved in design or characterization. Even so, in the continuation of this work a finer division was done. Of course, the number of sublayers doesn't change number of parameters for optimization.
In Table 1 Table 2 it can be seen that LL again gives better MF values that BG (50% better), except for the case of the first sample, where values are comparable. The nonlinearity of refractive index profile, in fact, originates from two sources: nonlinearity of deposition rates and nonlinear dependence of refractive index on volume fraction. From Fig. 3 . it is possible to see that first sample gives the profile that is quite linear from its beginning to the end. Thus, when the first sample is presented by two ramps even BG is able to approach the concave profile. Value of its MF is lower comparing the model with only one ramp and at the same time comparable to the MF value of LL model with two ramps. LL model itself was not able to improve the quality of the fit significantly in the similar way as BG model, because the profile was concave already with only one ramp.
The second sample (Fig. 4.a.) represents a convex profile. When modelled with one ramp BG was giving 25% better MF value than LL with its concave shape. The model with two ramps is convex for both effective medium theories used, representing convex profile originating from nonlinearity in rate of deposition. However, now LL gives 50%
better MF value than BG, which corresponds to the nonlinearity caused by nonlinear relation of refractive index on volume fraction. Returning to the relation of the effective medium theories to the structure of the mixture, this would implicate that SiO 2 and Nb 2 O 5 are mixed at lower level than grains of the given materials. Indeed, analysis of FTIR spectra of the samples showed existence of Si-O-Nb bonds confirming that it is not possible to speak about different phases of these materials in the studied samples.
Conclusions
It is shown that the studied samples are well approximated by division into homogeneous sublayers with thickness of about 40 nm. The division into more than 5 sublayers doesn't contribute to the quality of the fit to the measured spectra. Four effective medium theories were applied to the mixture of 
